Abstract This paper analyzes the relationship among research collaboration, number of documents and number of citations of computer science research activity. It analyzes the number of documents and citations and how they vary by number of authors. They are also analyzed (according to author set cardinality) under different circumstances, that is, when documents are written in different types of collaboration, when documents are published in different document types, when documents are published in different computer science subdisciplines, and, finally, when documents are published by journals with different impact factor quartiles. To investigate the above relationships, this paper analyzes the publications listed in the Web of Science and produced by active Spanish university professors between 2000 and 2009, working in the computer science field. Analyzing all documents, we show that the highest percentage of documents are published by three authors, whereas single-authored documents account for the lowest percentage. By number of citations, there is no positive association between the author cardinality and citation impact. Statistical tests show that documents written by two authors receive more citations per document and year than documents published by more authors. In contrast, results do not show statistically significant differences between documents published by two authors and one author. The research findings suggest that international collaboration results on average in publications with higher citation rates than national and institutional collaborations. We also find differences regarding citation rates between journals and conferences, across different computer science subdisciplines and journal quartiles as expected. Finally, our impression is that the collaborative level (number of authors per document) will increase in the coming years, and documents published by three or four authors will be the trend in computer science literature.
Introduction
Collaboration is a fundamental aspect of scientific research activity. Also, it is considered the key issue for solving complex problems in many areas of science (Cullen et al. 1999) . Generally, scientific collaboration could be defined as researchers working together to achieve the common goal of producing new scientific knowledge.
Collaboration usually helps researchers to share their workloads, generate fresh ideas, and combine peer past experience and skills (Presser 1980; Hauptman 2005; Bammer 2008 ). These are all good reasons for collaboration, but they come at the expense of seeking the proper research partners, negotiating objectives, methodologies and results, managing geographic distance constraints, and communicating across organizations, cultures and disciplines and so on (Katz and Martin 1997; Landry and Amara 1998; Olson and Olson 2000; Beaver 2001) .
Nowadays, researchers have begun to pay special attention to research performance and its determinants. Collaboration could be a determinant for achieving better research quality. Many researchers feel that collaborative research generally produces higher quality and more significant results than that performed by single researchers. They are motivated by the assumption that synergy leads to more and better results. A recent study explains this point by arguing that each researcher has his own knowledge and the diversity of collaborating members could be an extra resource for reinforcing research quality (Liao 2011) .
Several bibliometric studies have explored the relationship of collaboration on the research performance. The relation between collaboration and productivity was first studied by Beaver and Rosen (1979) . They concluded that collaboration is associated with higher productivity. Recently, Franceschet and Costantini (2010) analyzed the relationship of scholar collaboration on the impact and quality of academic papers. They noted a general positive association between the cardinality of a paper's author set and the citation impact and peer quality of the contribution. Other studies have also corroborated that research collaboration has a positive influence on the number of documents (Ponomariov and Boardman 2010) and the number of citations (Sooryamoorthy 2009 ).
The practice of collaboration, and especially international collaboration, is becoming a widespread phenomenon. Some studies have shown a constant increase in terms of the number of papers with international collaborations (Archibugi and Coco 2004) , and an exponential increase in terms of the number of international addresses (Persson et al. 2004 ). This co-authorship trend is not surprising since it is an important aspect of an ideal work environment and it is also receiving interest and stimulus from policy-makers. Recent studies have analyzed the link between degree of internationalization of scientific activity and research performance at the level of individual researchers (Abramo et al. 2011a, b) . They concluded that the top-performing national researchers also collaborate more abroad, but the reverse is not always true. Other studies demonstrated that the number of documents and the number of citations are positively correlated to the degree of international collaboration by a researcher (VanRaan 1998; Glanzel 2001) .
It is well-known that collaboration varies across disciplines and countries. On the one hand, Gazni et al. (2012) performed a large-scale analysis to examine collaboration differences across multiple areas and from all countries. They found that the level of scientific collaboration varies dramatically by discipline. The life sciences display high levels of coauthorship, whereas the social sciences show low levels of co-authorship. Their analysis of the collaborations between countries revealed that six countries (United States, United Kingdom, Germany, France, Italy, and Canada) account for 82 % of the world's international publications, but they are not the most collaborative countries, if measured by their proportion of collaborative output. On the other hand, Lancho-Barrantes et al. (2012) explored the provenance of the citations received by the different countries and the different types of collaborative papers. They found different percentages of papers in collaboration among countries. They also found that there is no significant correlation between scientific production and percentage of collaboration of a country. However, there is a significant negative correlation between production and the percentage traffic of citations to/from the collaborating countries. Regarding collaborative papers, they also found that there is a negative correlation between a country's production and its impact on domestic papers per paper. Finally, Franceschet and Costantini (2010) analyzed the intensity of research collaboration in different areas. They observed that collaboration is negligible in arts and humanities. They also found that the scale and formality of social science collaborations are smaller than in science disciplines. Focusing on science disciplines, collaborative work is heavily exploited in chemistry, physics, biology and medicine. In contrast, it is moderate in mathematics, engineering and computer science. Despite this, the computer science field has been expanding since 1960 in terms of both number of published papers and number of authors. Also, collaborations among different research institutes and across different countries have grown considerably recently (Franceschet 2011) . According to Fortnow (2009) , it is time for computer science to grow up: it is now a mature field, and no major university can survive without a strong computer science department. Franceschet (2011) studied collaboration in computer science by means of a network science approach. Using publications from the DBLP Computer Science Bibliography, he examined properties like authors' scientific productivity and level of collaboration on papers, as well as large-scale network properties (average separation distance among scholars, distribution of the number of scholar collaborators, and dependence on star collaborators, among others). Franceschet concluded that the collaboration level in computer science papers is rather moderate (two or three authors) compared with other scientific fields. Also, he observed that the computer science collaboration network is a widely connected small world. Hence scientific information flows along collaboration links very quickly and potentially reaches almost all scholars in the discipline. Finally, he noted that the distribution of collaboration among computer science scholars is highly skewed and concentrated, where a star collaborators are responsible for a relatively high share of collaborations. Despite this, the network connectivity does not crucially depend on them. Like Franceschet (2011), we deal with bibliometric properties such as author productivity and level of collaboration on papers. Unlike Franceschet (2011) , we include the number of citations and citations per document and year. Our work focuses on analyzing not network properties, but other aspects like types of collaboration, computer science subdisciplines and journal impact factor quartiles. This paper is based on analyzing the relationship among research collaboration, number of documents and number of citations of the computer science research. Mainly, we analyze the number of documents and citations by number of authors. These measures are also analyzed (according to the author set cardinality) under different circumstances, that is, when documents are written in different types of collaboration (international, national and institutional), when documents are published in different document types (journal article and conference paper), when documents are published in different computer science subdisciplines (artificial intelligence, cybernetics, hardware and architecture, information systems, interdisciplinary applications, software engineering and theory and methods), and, finally, when documents are published by journals with different impact factor quartiles (first-quartile journals, second-quartile journals, third-quartile journals and fourth-quartile journals). Note especially that there are no studies in the literature that investigate relationships among the above issues. Therefore, we attempt to investigate the following relationships: Section ''Methodology'' describes the data collection method. It also describes the indicators and statistical tests used in the study. The Sect. ''Questions, hypotheses and results'' reports the problems analyzed, our initial suppositions and results arrived regarding research collaboration. Section ''Discussions and conclusions'' presents final remarks and indicates possible future research directions.
Methodology

Data collection
To investigate the above relationships, this paper analyzes the publications produced by active Spanish university professors between 2000 and 2009, working in the computer science field. In the following, we illustrate the different data collection phases.
The first phase was to apply to the Spanish Ministry of Education for a list of academics associated with the computer science area who were active as of December 31, 2009 . This list includes the full name of 2004 academics, and their associated university, position and research area. These researchers are attached to the main area in which they lecture and regularly publish by the Spanish Ministry of Education
The next phase was to retrieve a list of publications and citation data (from January 1, 2000 to December 31, 2009) for each academic. This information was carefully downloaded from the Web of Science (Web of Knowledge) bearing in mind Spanish personal name variations in international databases (Ruiz-Perez et al. 2002) . After that, only documents considered as journal articles and conference papers were taken into consideration. Also, we used the publication subject classification as a filter. In this way, we only selected documents which were published in journals and conferences belonging to the seven major fields of computer science. According to the Journal Citation Reports these major fields are: artificial intelligence, cybernetics, hardware and architecture, information systems, interdisciplinary applications, software engineering and theory and methods. The result was around 20,000 publications. Finally, we manually checked those publications in which only one affiliation is available as reported by Web of Science against the original published publications. We noted that Web of Science only provides the affiliation of the first author for some publications (especially conference papers). In order to ensure the reliability of results, we checked our final list of publications against other databases like DBLP Computer Science Bibliography, personal webpages and institutional websites, among others. Also, the impact factors of journals belonging to each of the seven major fields of computer science were extracted from the corresponding Journal Citation Reports edition (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) .
The last phase was to develop software which used all this information in order to calculate some indicators (Section ''Indicators'') by number of authors. This dataset was also used in Ibañez et al. (2012) to characterize research activity of Spanish universities and their academic staff, identifying both their strengths and weaknesses nationwide. The analysis carried out is also performed by autonomous regions, public universities, subject areas and professional standing.
Indicators
The number of documents and citations are indispensable for analyzing research activity. Citations are measures of information use, reception and, in a way, of influence (Cronin 1981) . They can be considered as an indirect measure of publications quality in most cases, although there may be retracted papers that receive a lot of citations.
We also computed two measures of collaboration which are generally used in studies of research collaboration (Levitt and Thelwall 2009) . These measures are the collaborative rate and the collaborative level. Collaborative rate (CR) is the percentage of documents with more than one author, whereas collaborative level (CL) is the average number of authors per document. These measures are computed by analyzing the number of authors of each publication.
Regarding the measures of internationalization (Abramo et al. 2011b) , we use the international rate (IR) to analyze the percentage of papers that have been produced in collaboration with foreign institutions, that is, the percentage of publications co-authored with at least one co-author from an foreign institution. This measure is computed by analyzing the publications whose affiliations include addresses from more than one country. Scientometrics (2013) 95:689-716 693 Finally, the impact factor (IF) defines the status of a journal for a specific year as the number of citations received in that year over the number of articles published in the journal in the two previous years. It is still recognized as the primary measure of journal quality and has a major influence on scientific behavior (Weingart 2005) . Furthermore, experience has shown that the best journals in each specialty are the publications in which it is hardest to get an article accepted, and these are the journals that have a high impact factor (Garfield 2000) .
Statistical tests
Statistical tests determine whether there is enough evidence to reject a conjecture about the data. The conjecture is called the null hypothesis. Not rejecting the conjecture may be a good result if we want to continue to act as if we believe the null hypothesis is true. Or it may be a disappointing result, possibly indicating that we may not yet have enough information to reject the null hypothesis.
Tests that do not make assumptions about the population distribution are referred to as non-parametric tests. All commonly used non-parametric tests rank the outcome variable from low to high and then analyze the ranks.
In this paper, we use two non-parametric tests: Kruskal-Wallis (1952) test and MannWhitney (1947) test. The Kruskal-Wallis test analyzes whether three or more samples could have come from the same distribution. The null hypothesis is that the populations from which the samples originate have the same distribution. When the Kruskal-Wallis test leads to significant results, then at least one of the samples is different from the other samples. The test does not identify where the differences occur or how many differences actually occur. In contrast, the Mann-Whitney test analyzes whether two samples could have come from the same distribution. It is helpful for analyzing the specific sample pairs for significant differences. The significance level of these tests was 0.05 in all cases.
Questions, hypotheses and results
This paper analyzes the relationship among collaboration (number of authors), documents and citations on several issues such as types of collaboration, document types, computer science sub-disciplines and journal impact factor quartiles. The number of authors has been grouped into six different subsets (1 author, 2 authors, 3 authors, 4 authors, 5 author and[5 authors).
How do productivity and utility vary according to author cardinality?
The first question investigates the number of documents and citations of documents published by number of authors. Our first impression is that computer science documents are usually the result of collaboration. Specially, we believe that the average document is written by three or four authors. This is based on the idea that different co-authors reinforce research quality. We also think that the number of authors per document has gradually increased in the last decade. Regarding utility, we believe that a greater number of authors can lead to a higher number of citations because co-authors are more likely to disseminate the document.
According to the different author subsets, document distribution in the analyzed period was: 1 author (2.651 %), 2 authors (18.182 %), 3 authors (33.037 %), 4 authors (26.456 %), 5 authors (11.994 %), and [5 authors (7.680 %). We found that most documents were published by three and four authors, whereas single-authored documents accounted for the lowest percentage (see Fig. 1 ). Figure 2 plots the evolution of published documents by number of authors from 2000 to 2009. Analyzing the number of authors, Fig. 2 shows that the percentage of documents published by different authors underwent some changes in the last decade. In earlier years, documents published by two authors accounted for a sizeable percentage of total publications (28.538 % in 2000), but in 2009, it represented 14.616 % of total publications. In contrast, the percentage of documents with three or more authors increased. The percentage of documents published by one author also decreased over the analyzed years, and, therefore, the collaborative rate increased over time.
As expected, these results bear out previous works stating that the practice of collaboration is becoming a widespread phenomenon. The number of authors used to be lower than it is today. Just a few authors were responsible for the hypothesis, experimental design, results and conclusion (Zetterstrom 2004) . Nowadays, most projects require the participation of many researchers, who are all entitled to be authors when the results are Analyzing these values, our impression is that documents published by three or four authors will be the trend in computer science literature in the coming years. Table 1 shows the average number of citations, the average number of years since the publication year, and the average number of citations per document and year (columns). These measures and their standard deviations are calculated for each different number of authors (rows).
Analyzing Table 1 , we observed that the highest average number of citations (3.019 ± 7.260) corresponded to documents published by one author, whereas the lowest average value (1.852 ± 4.830) corresponded to documents published by five authors (column 2). These results were influenced by publication age, that is, the number of years since the publication year. We accounted for this point by calculating the average age (column 3). We observed that documents published by one author had the highest average age (5.536 ± 2.821), whereas documents published by more than five authors had the lowest average age (4.172 ± 2.460). We calculated the number of citations per document and year as an accurate measure for comparing documents published by number of authors. This ratio, which is a utility measure is a possible indirect measure of the document's quality. Analyzing this measure, we found that documents published by two authors had the highest value (0.478 ± 1.293), and documents published by five authors had the lowest value (0.363 ± 0.841). Note that documents published by one or two authors had higher values of citations per document and year than documents published by three or more authors. A possible explanation could be that an important percentage of documents published by one or two authors are review papers. A review paper is usually written by a single senior research, and it is likely to be cited extensively. This would explain why single-authored documents received more citations than documents written by a larger number of researchers.
The results of the Kruskal-Wallis test showed that there were significant differences among the six author subsets on the basis of average number of citations per document and year. So, we run Mann-Whitney tests in order to find out which subsets rank better according to this criterion. We compared documents published by two authors (benchmark subset), which had the highest average value, with the other documents. Subsets marked in Table 1 with the symbol had statistically significant differences with respect to the benchmark subset (highlighted in boldface). Results show that there were significant differences between the 2-author subset and subsets with more authors. In contrast, results do not show statistically significant differences between the 2-author subset and 1-author subset. Unlike Franceschet and Costantini (2010), we did not find a positive association between the author set cardinality of a document and citation impact.
How do productivity and utility in different types of collaboration vary according to author cardinality?
The second question analyzes whether productivity and utility behave differently across different types of collaboration. We make a distinction between three types of collaboration: international, national and institutional cooperation. International collaboration refers to co-authorship by researchers from both national and foreign institutions. National collaboration refers to co-authorship by researchers belonging to different institutions in the same country. Finally, institutional collaboration refers to co-authorship among researchers belonging to the same institution.
Due to problems of geographic distance and communication across organizations, we believe that most documents are written through institutional collaboration. We also believe that there will be more authors per document resulting from international collaboration than via national and institutional collaboration. On the other hand, analyzing utility across different types of collaboration, it is reasonable to expect, precisely because of the differences among authors, the quality of documents resulting from international collaborations to be greater, and have a higher number of citations. Also, we believe that a greater number of authors can lead to a higher number of citations for a particular type of collaboration. The document distribution in the analyzed period was: international collaboration (13.334 %), national collaboration (13.112 %) and institutional collaboration (73.554 %). So, the value of the international rate (IR) was 13.334 %. We found that this percentage was very similar on a year-by-year basis. Therefore, the evolution of the international rate has not undergone major changes in the analyzed period. We also found that most collaborative documents were published via institutional collaboration. Figure 4 represents the evolution of published documents by number of authors and type of collaboration. Regarding international collaboration, Fig. 4a shows that the percentage of documents published by number of authors has recently undergone changes. We found that documents published by three and four authors represented the highest percentages of published documents each year, whereas documents published by two, five, and more than five authors represented the lowest percentages. Analyzing Fig. 4a , we found a sizeable decrease in the percentages associated with documents published by two and four authors (e.g., the percentage of documents published by four authors was 39.130 % in 2000 and 24.476 % in 2009). In contrast, the number of documents published by three authors fluctuated considerably, and there were increases in the number of documents published by five or more authors. Regarding these increases, we show that percentages associated with documents with five authors rose from 6. Finally, note that publication behavior has been similar across different types of collaboration in recent years. There were two different groups: documents published by three or four authors which had the highest percentages, and documents published by two, five, or more than five authors that had the lowest percentages. These groups were also highlighted in Fig. 2 plotting the evolution of the percentage of published documents by number of authors. Figure 2 also shows an important decrease of documents published by two authors via international, national and institutional collaborations.
Regarding collaborative level, Fig. 5 shows the average number of authors per document for each type of collaboration. Taking 2009 as an example publication year, we observed that the average international document was published by 4.273 authors, whereas the average national document was published by 4.111 authors, and the average institutional document was published by 3.603 authors.
According to the above values and the evolution illustrated in Fig. 5 , we found that international collaborations usually had the highest number of authors per document, followed by national and institutional collaborations, as expected. A large number of international and national collaborations spring from projects that require the participation of many researchers from different institutions, whereas most institutional collaborations usually involve authors from the same research group. For these reasons, both international and national collaborations involve more authors than institutional collaborations, increasing the number of authors per document. Table 2 shows the average number of citations, the average number of years since the publication year, and the average number of citations per document and year of documents published via different types of collaboration (international, national and institutional) and written by different numbers of authors. It also shows the standard deviations associated with the above measures.
We found that international collaborations usually had the highest average values of citations per document and year for different numbers of authors, followed by national collaborations and institutional collaborations. International collaboration often involves more authors than other types of collaboration as mentioned before. As the authors are likely to disseminate the document, it is reasonable to assume that there will be a greater number of citations. Taking documents published by more than five authors as an example, note that the average values of international, national and institutional documents were 0.837 ± 1.816, 0.506 ± 0.804 and 0.207 ± 0.607, respectively. Like VanRaan (1998) and Glanzel (2001) , our results demonstrate that, on an average, international collaboration results in documents with higher citation rates than national and institutional documents. A Kruskal-Wallis test was performed in order to compare different subsets of authors (according to a particular type of collaboration). The Kruskal-Wallis test did not find statistically significant differences across international and national documents published by different authors. In contrast, results show that there were significant differences among institutional documents published by different authors. So, several Mann-Whitney tests were carried out to find out which subsets of authors (highlighted by ) were significantly different from the benchmark subset (highlight in boldface). We found that institutional documents published by two authors were significantly different to all other subsets of authors. Analyzing the statistical test results, we conclude that it is better to publish with few authors in order to improve document utility at the institutional level, whereas the number of authors does not affect the average number of citations per document and year at the national and international level.
How do productivity and utility in different document types vary according to author cardinality?
The third question analyzes whether productivity and utility behave differently across different document types. Journal articles and conference papers are the document types studied in this paper.
We believe that publication behavior is different across journals and conferences. Due to the undeniable advantage of conferences (provide fast and regular publication of papers and bring researchers together by offering the opportunity to present and discuss the paper with peers), we think that authors tend to publish more documents in conferences than in journals. We also think that most journal articles and conferences papers are published by three or four authors. By collaborative level, we suppose that there are no clear differences (international, national and institutional) between journals and conferences. On the other hand, we believe that citation counts received by journal articles are higher than received by conference papers because of their prestige. Furthermore, we also think that multi-authored documents receive more citations than single-authored documents.
The document distribution in the analyzed period was: journal articles (32.262 %) and conference papers (67.738 %). These percentages bear out previous works, like Franceschet (2010) , stating that 1/3 of computer science literature are journal articles and 2/3 are conference papers. On a year-by-year basis the percentage of journal articles vary from 26.000 to 44.792 %, whereas conference papers vary from 55.208 to 74.000 %. We also found that the percentage of conference papers have gradually decreased. In 2005, conference papers accounted for a sizeable percentage of total publications (74.000 %), but in 2009, it represented 62.678 % of total publications. An interpretation could be that researchers are progressively shifting from conferences to journals, considering budget shortages or higher prestige of journals over conferences.
According to the number of authors, we found that 54.098 % of single-authored documents are published in journals, whereas 45.902 % are published in conferences. The rest of percentages were: 2 authors (43.098 % in journals and 56.902 % in conferences), 3 authors (36.906 % in journals and 63.094 % in conferences), 4 authors (32.839 % in Figure 6 shows the evolution of the percentage of documents published in computer science journals and conferences by number of authors from 2000 to 2009. We found that the percentage of documents associated with each author subset was similar in journal articles and conference papers, so there are no important differences in publication behavior by number of authors between journals and conferences. In general, we observed that there was a decrease in the number of documents published by one and two authors in both cases. We also observed that documents written by three and four authors accounted for the highest percentages, whereas the lowest percentage of documents were written by one author. Taking the journal articles as an example, Fig. 6a shows that the percentage of documents with four or more authors has gradually increased over the last few years. Specially, documents published by four authors have undergone an increase in the last few years, they accounted for 18.116 % of all publications in 2004, and 27.687 % of total publications in 2009. In contrast, documents published by one author and two authors have decreased over the analyzed years and we noted that single-authored documents account for the lowest percentage in the 2002-2009 period.
Regarding collaborative level, Fig. 7 shows the average number of authors per document for journal articles and conference papers. According to its evolution, conference papers have had the highest number of authors per document in earlier years. Despite this, journal articles and conference papers had similar number of authors per document in recent years. Taking 2009 as an example publication year, we observed that the average journal article was published by 3.738 authors, whereas the average conference paper was published by 3.711 authors. Table 3 shows the average number of citations, the average number of years since the publication year, and the average number of citations per document and year. These Table 3 , we noted that documents published by more than five authors had the highest average value of citations per document and year (0.971 ± 1.734) when they were published by journals. In contrast, single-authored documents had the highest average value of citations per document and year (0.229 ± 0.456) when they were published by conferences. As expected, journal articles had higher citations per document and year than conference papers. These results corroborate previous work like Franceschet (2010) , in which the impact of journal publications was significantly higher than the impact of conference papers.
We performed a Kruskal-Wallis test in order to compare subsets of different authors across documents published in journals and conferences. Results show that there were no significant differences across documents published by journals. In contrast, it found significant differences across documents published by conferences: the average number of citations per document and year of documents published by one author (0.229 ± 0.456) was significant different (higher) to documents published by three authors (0.153 ± 0.358), four authors (0.143 ± 0.354), five authors (0.142 ± 0.442) and more than five authors (0.161 ± 0.434).
How do productivity and utility in different computer science subdisciplines vary according to author cardinality?
The fourth question investigates the productivity and utility of authors across the seven computer science subdisciplines: artificial intelligence, cybernetics, hardware and architecture, information systems, interdisciplinary applications, software engineering and theory and methods.
We believe that publication behavior is different across subdisciplines. We think that authors tend to publish more documents in mature disciplines like theory and methods. Also, we believe that the percentages of documents published by a specific number of authors are similar across subdisciplines. We think that most documents are published by three or four authors in all subdisciplines. Despite this, we believe that the collaborative level is different. We think that interdisciplinary applications documents are usually written by more authors than publications in other disciplines. This idea is based on the assumption that interdisciplinary applications documents could be published by authors belonging to many different areas, resulting in more authors per document. By utility, we also believe that citation counts are different across subdisciplines. We think that a greater number of authors leads to a higher number of citations in any particular a subdiscipline.
We found that according to the Web of Knowledge there is an overlap across the seven subdisciplines. Thus, one document could belong to more than one discipline at the same time. The document distribution in the analyzed period was: artificial intelligence (24.849 %), cybernetics (1.613 %), hardware and architecture (7.285 %), information systems (9.528 %), interdisciplinary applications (5.543 %), software engineering (11.059 %) and theory and methods (40.123 %). We found that most documents were related to theory and methods, whereas cybernetics accounted for the lowest percentage of published documents. Figure 8 shows the evolution of the percentage of documents published in computer science subdisciplines by number of authors from 2000 to 2009. After analyzing all computer science subdisciplines in Fig. 8 , we found that the percentage of documents associated with each author subset was quite alike across different subdisciplines. These percentages were: 1 author (2.5274-3.068 %), 2 authors (18.001-22.085 %), 3 authors (32.594-33.247 %), 4 authors (24.773-26.238 %), 5 authors (9.811-11.967 %) and [5 authors (7.191-8.333 %) . According to these percentages, we found that there were no important differences in publication behavior by number of authors across subdisciplines. Looking at all the charts illustrated in Fig. 8 , we also observed similarities across subdisciplines. We found that there was a general decrease in the number of documents published by one and two authors in all subdisciplines. Also, we observed that documents written by three and four authors accounted for the highest percentage in all subdisciplines, whereas the lowest percentage of documents were written by one author. On the other hand, the percentages associated with each subdiscipline have fluctuated widely in most computer science subdisciplines in the last decade. In contrast, artificial intelligence (see Fig. 8a ) and theory and methods (see Fig. 8g ) did not experience as many fluctuations as other subdisciplines. We found that these two subdisciplines behaved very like computer science generally (see Fig. 2 ). This was reasonable because these subdisciplines had the highest percentages of published documents, 24.849 and 40.123 %, respectively.
Taking the artificial intelligence discipline as an example, Fig. 8a shows that documents published by two authors accounted for the highest percentage (34.759 %) of all publications in 2000, but represented only 16.145 % of total publications in 2009. Documents published by one author have also decreased over the analyzed years and accounted for the lowest percentage in the 2002-2009 period. In contrast, the percentage of documents with three or more authors has gradually increased over the last few years. Figure 9 analyses collaborative level. It shows the evolution of the average number of authors per document according to different subdisciplines. These measures have tended to increase over the last few years. We emphasize the hardware and architecture subdiscipline whose values rose from 3.162 in 2000 to 4.405 in 2009. It was an increase of 39.311 % In contrast, we found that the number of authors per cybernetics document underwent a sizeable decrease up until 2004 (27.248 %), and later recovered. We also found that the range of the average number of authors per document was different across subdisciplines with respect to the analyzed year. Despite this, we found that the range was wider in earlier years (2000) (2001) (2002) (2003) (2004) than in later years (2005) (2006) (2007) (2008) (2009) . Finally, we found that the highest values for collaborative level were achieved by documents belonging to the interdisciplinary applications (4.405 authors per document) and hardware and architecture (4.074 authors per document) subdisciplines in 2009. These values were the result of a major increment of documents published by more than three authors in these subdisciplines over the last few years (see Fig. 8 ). Table 4 shows the average number of citations, the average number of years since the publication year, and the average number of citations per document and year of documents published in different subdisciplines and written by different numbers of authors. It also shows standard deviations of the above measures. Analyzing the average number of citations per document and year, we observed that some subdisciplines were more often cited than others. It is noteworthy that artificial intelligence documents, which had a lower value of authors per document than other subdisciplines, usually had a higher average values of citations per document and year than others. In contrast, hardware and architecture documents, which had the highest collaborative level value in recent years, received fewer citations than other subdisciplines like artificial intelligence, cybernetics and information systems. Citation counts by subdisciplines were known to vary within a particular discipline (Bornmann and Daniel 2006) . Some studies, like Smolinsky and Lercher (2012) , found that citation practices differ across mathematics subdisciplines. Like (2012), we also found different citation behaviors by subdisciplines within a specific discipline (computer science in our case).
In order to compare citation behaviors by author subsets for a particular subdiscipline, several Kruskal-Wallis tests were performed. The Kruskal-Wallis test did not find meaningful differences across documents belonging to information systems, interdisciplinary applications and software engineering. In contrast, results show that there were significant differences among documents belonging to artificial intelligence, cybernetics, hardware and architecture, and theory and methods (see numbers in boldface and the symbols). Taking artificial intelligence documents as an example, Table 4 shows that the number of citations per document and year of documents published by two authors (0.663 ± 1.736) were significantly different to documents published by three (0.515 ± 1.323) and four (0.551 ± 1.283) authors. Similarly, we found that the number of citations per document and year of hardware and architecture documents published by two authors (0.435 ± 1.033) were significantly different to documents published by three (0.334 ± 0.996) and four authors (0.229 ± 0.641).
Analyzing the statistical test results in Table 4 , we conclude that the number of authors does not always affect the average number of citations per document and year. In contrast, specific subdisciplines, like artificial intelligence, cybernetics, hardware and architecture, and theory and methods, are affected by the number of authors. Unlike Franceschet and Costantini (2010) who found a general positive association between a paper's author set cardinality the citation impact, we observe that documents with fewer authors usually have the highest average value of citations per document and year. Specifically, documents written by one author have the highest values for information systems, software engineering and theory and methods, whereas documents written by two authors have the highest values in artificial intelligence, cybernetics and hardware and architecture. In contrast, we note that interdisciplinary applications documents published by more than five authors have the highest number of citations per document and year.
How do productivity and utility in different journal impact factor quartiles vary according to author cardinality? Journals ordered by impact factor can be organized into four quartiles. The first quartile denotes the top 25 % of the impact factor distribution, the second quartile means a middlehigh position (between the top 50 % and top 25 %), the third quartile is a middle-low Represents those results that are statistically different in citations ratio with respect to the benchmark subset (highlighted in boldface) position (top 75 % to top 50 %), and the fourth quartile represents a bottom position (bottom 25 % of the impact factor distribution). The fourth question investigates the number of authors across different quartiles. Also, we analyze the productivity and utility of documents published in different journal impact factor quartiles according to the author cardinality.
We have the impression that first-quartile journals have the lowest publication rate due to their selective strategy, that is, low acceptance rates. Regarding the number of authors, we believe that the percentages of documents published by a specific number of authors are similar across quartiles. We think that most documents are published by three or four authors in each quartile. By collaborative level, we suppose that there are no clear differences across different quartiles. So, we also think that three or four authors per document is the average collaborative level value. On the other hand, we believe that citation counts are obviously different across quartiles. Furthermore, we also think that multiauthored documents receive more citations than single-authored documents within a specific quartile. Table 5 shows the percentages of documents published in each quartile for different numbers of authors. In single-authored documents the percentages associated with each quartile were: first-quartile (28.333 %), second-quartile (24.167 %), third-quartile (31.667 %) and fourth-quartile (15.833 %). In this case, the third-quartile had the highest percentage of published documents. This quartile also had the highest percentage of documents published by two authors. In contrast, documents published by three or more authors were usually published in journals belonging to the first quartile. On the other hand, we found that journals belonging to the fourth quartile accounted for the lowest percentages of published documents. Nowadays, authors have an interest in publishing in journals with the highest possible impact factor, and, therefore, it is reasonable to suppose that first-quartile journals accept more documents than fourth-quartile journals. This supposition bear out bear out previous work, like Cabanac (2012) , stating that the range of papers accepted per journal is wider for the first-quartile than for the other quartiles.
According to the distribution of document published in different quartiles during the analyzed period, we observed that first-quartile had the highest percentage (30.490 %), followed by second-quartile (27.460 %), third-quartile (27.335 %) and fourth-quartile (14.715 %). The evolution of documents published in different quartiles is analyzed in Fig. 10 . We noted that the highest percentage of first-quartile documents were achieved in 2009, whereas the highest percentage of fourth-quartile documents were achieved in 2002. Analyzing Fig. 10 , we also observed that the percentage of documents published by firstand second-quartile journals have gradually increased, whereas the percentage of documents published by third-and fourth-quartile journals have decreased. The evolution of documents published in different quartiles according to different numbers of authors is analyzed in Fig. 11 . We found that there were small differences in publication behavior by author set cardinality for documents across different quartiles. In general, we found that documents published by one and two authors have undergone a percentage decrease, leading to a drop in the collaborative rate value throughout the analyzed period. We also found that the percentage of documents published by four authors has increased, whereas documents written by three, five and more than five authors have undergone fluctuations and small decreases with respect to different quartiles. As expected, documents published by three or four authors had the highest values in each quartile. There has been a noteworthy increment of documents published by four authors in last few years, rising to 47.252 % of documents in third-quartile journals (see Fig. 11c ) and 55.814 % of documents in fourth-quartile journals (see Fig. 11d ) in 2009. On the other hand, the main differences were associated with documents written by three authors. In this case, we found that the percentages of these documents fluctuated in the first-and second-quartile journals, whereas they clearly decreased in third-and fourth-quartile journals. Figure 12 analyzes the collaborative level with respect to different quartiles. It shows that fourth-quartile journals had the highest value for number of authors per document (4.519 authors) in 2009, followed by journals belonging to the first (3.869 authors), third (3.587 authors) and second (3.569 authors) quartiles. We found that all collaborative level values have undergone an increase in the last few years. Especially noteworthy was the sizeable increment of fourth-quartile journals since 2006. According to these results, we believe that fourth-quartile journals have recently accepted documents with many authors (see Fig. 11d ) in order to improve their number of citations. A possible interpretation is that these journals publish documents with many co-authors in order to improve their quartile through increased dissemination by co-authors including self-citations. Table 6 presents the average number of citations per document, the average age per document, and the average number of citations per document and year. These values and their standard deviations were calculated for documents belonging to each quartile. As expected, we found that documents published by first-quartile and second-quartile journals usually had a higher average number of citations per document and year than documents published by third-quartile and fourth-quartile journals. Represents those results that are statistically different in citations ratio with respect to the benchmark subset (highlighted in boldface) (0.836 ± 1.634) and three authors (0.767 ± 1.219). Likewise, the average number of citations per document and year of documents published by one author in fourth-quartile journals (1.100 ± 1.734) was significant different (higher) to documents published by more than five authors (0.238 ± 0.488). According to these results, we found no pattern to explain the relationship between impact factors, utility and authors.
Discussion and conclusions
Let us emphasize that our analysis is carried out for one nation only: Spain. It is also limited to the research production included in the Web of Science, so some national conferences and journals (which are a few) in Spanish are not taken into account. We analyzed a small percentage of the worldwide output, therefore, the results may not be generally applicable. Further research is required in order to assess the above questions.
We know that the number of citations could vary depending on each database (Web of Knowledge, Scopus and Google Scholar, etc.) (Bar-Ilan 2008) . The Web of Knowledge, which is the database consulted in this study, stores the most relevant scientific literature produced and published worldwide in different areas of knowledge and disciplines (Garfield 2003) . The prestige associated with the Web of Knowledge is the stringent selection criteria applied to journals and conferences. These rigorous selection processes are supported by bibliometric laws, which show that the best science is found in small clusters (Garfield 2000) . Despite Web of Knowledge flaws in the computer science field (Wainer et al. 2011) , this platform has a specialized conference proceedings database (Conference Proceedings Citation Index) which stores 400,000 publications annually from more than 15,000 different computer science conferences. Additionally, the Web of Knowledge includes the most important databases specialized in journal articles (Science Citation Index and Journal Citation Reports) covering around 450 computer science journals.
This paper has studied five relationships. The first analyzes how productivity and utility vary according by number of authors. According to productivity, our initial hypothesis was that the average computer science document was written by three or four authors. The research findings confirm that our hypothesis was correct. Results also show that the collaborative level has increased over time as expected. This was caused by both the percentage decrease of published documents written by one and two authors, and the percentage increase of documents written by three or more authors. On the other hand, we believed that a higher number of authors would lead to a higher number of citations. In contrast, results show that documents published by one or two authors have higher values of citations per document and year than documents published by three or more authors. In fact, statistical test results show that there are significant differences between the 2-author subset and subsets with more authors. We did not find a positive association between author set cardinality and the citation impact.
The second relationship analyzes how productivity and utility vary across different types of collaboration according to different number of authors. Due to the problems concerning geographic distance and communication across organizations, we believed that most documents were written via institutional collaboration. Results show that the initial hypothesis was correct, since the 73.554 % of total publications were published by authors belonging to the same institution. On the other hand, we found that publication behavior was similar across different types of collaboration. International, national and institutional collaborations are usually written by three or four authors. Regarding collaborative level, Scientometrics (2013) 95:689-716 713 we thought that international documents would have more authors than national and institutional documents. Results show that the initial hypothesis was again correct. A possible explanation of this fact is that a large number of international and national collaborations spring from projects that require the participation of many researchers at different institutions, whereas most institutional collaborations usually involve authors from the same research group, that is, involve fewer authors. Finally, we believed that international collaborations would have more citations than national and institutional documents. Unlike Bartneck and Hu (2010) who were unable to find a general beneficial effect of collaboration of any type (international, national or institutional) on the quality of the papers measured by their citation counts, we found that international collaborations always have the highest average number of citations per document and year for different numbers of authors. We also believed that a greater number of authors would lead to a higher number of citations with a particular type of collaboration. However, statistical test results show that document utility is better if it is published by few authors at the institutional level, whereas the number of authors does not affect citation counts at national and international level. The third relationship investigates how productivity and utility vary across different document types according to different number of authors. We believed that the publication rate associated with journal articles and conference papers would be different. Results corroborated this hypothesis, showing that 32.262 % of publications belong to journal articles, whereas 67.738 % of publications belong to conference papers. Analyzing the collaborative level, our initial hypothesis was correct. We found that nowadays there are no important differences in publication behavior between journals and conferences as believed, but we also found that the collaboration level in conference papers was higher than journal articles in earlier years. We noted that there is a general decrease of documents published by one and two authors in journal and conference publications. According to the number of authors, we noted that single-authored documents are usually published in journals, whereas multi-authored documents are usually published in conferences. We also believed that citation counts would be different between journals and conferences. Results show that journal articles have more citations per document and year than conference papers. Finally, unlike our initial hypothesis, statistical test results do not assure that a greater number of authors leads to more citations.
The fourth relationship investigates how productivity and utility among the seven computer science subdisciplines vary by number of authors. We believed that the publication rate associated with each subdiscipline would be different. Results corroborated this hypothesis, showing that 40.123 % of publications belong to theory and methods, whereas only 1.613 % of publications belong to cybernetics. Regarding the percentages of documents published by different numbers of authors, we find that there are no important differences in publication behavior across subdisciplines as believed. We find that there is a general decrease of documents published by one and two authors in all subdisciplines. Also, we find that three and four authors write the highest percentage of documents in all subdisciplines, whereas documents written by one author account for the the lowest percentage. Analyzing the collaborative level, our initial hypothesis was correct. We also believed that citation counts would be different across subdisciplines. Results show that documents related to artificial intelligence, cybernetics and interdisciplinary applications usually have the highest value of citations per document and year with a set number of authors. Finally, unlike our initial hypothesis, statistical test results do not assure that a greater number of authors leads to higher number of citations within a specific a subdiscipline.
The last relationship analyzes how productivity and utility in different journal impact factor quartiles vary by number of authors. We believed that first-quartile journals would have the lowest percentage of publications due to their low acceptance rate. Contrariwise, results show that first-and second-quartile journals publish more documents than third-and fourth-quartile journals. This is reasonable bearing in mind that authors have an interest in publishing in journals with the highest possible impact factor nowadays. Regarding the number of authors, we supposed that there would be no clear differences across quartiles. In contrast, we find an important increment of number of authors per documents in fourthquartile journals since 2006. As expected, results show that citation counts are obviously different across quartiles. Finally, we also believed that a greater number of authors would lead to a higher number of citations for a set quartile. However, statistical test results found no pattern to explain the relationship between impact factor quartiles, number of citations and number of authors.
In the future, our target will be to analyze other aspects related to collaboration at author level (number of different co-authors, productivity of co-authors, utility of co-authors, proximity among co-authors, etc). We are interested in analyzing the characteristics of a specific author's co-authors. Also, we will analyze whether researchers with the best research performance are also the investigators that collaborate more at the international level, and whether the citation counts of papers that have been written by authors with a low number of citations improve through collaboration.
